Abstract-Magnetic properties were imparted to a naturally nonmagnetic material by metallic inclusions. A patch antenna tested the performance of the magnetic metamaterial as a substrate and validated that a single substrate can achieve a range of miniaturization values. The effective medium metamaterial substrate employed electromagnetically small embedded circuits (ECs) to achieve permeability and permittivity greater than that of the host dielectric. Geometric control of the ECs allowed and to be tailored to the application. The magnetic metamaterial exhibited enhanced and with acceptable loss-factor levels. Models for predicting and are presented, the benefits of employing metamaterial substrates are discussed, and the results in this antenna experiment are presented. The metamaterial exhibits performance characteristics not achievable from natural materials. Of particular significance is that with the permeability varying strongly and predictably with frequency, the miniaturization factor may be selected by tuning the operating frequency. 
I. INTRODUCTION

A. Background and Goals
T HE GOAL of this study is to develop and experimentally validate engineered magnetic materials with properties that do not exist in natural materials. We experimentally demonstrate a technique of producing magnetic properties in an engineered material using only nonmagnetic elements [1] - [4] .
The application chosen to demonstrate the magnetic permeability of this engineered material, which will be referred to as a metamaterial, is that of a miniaturized patch antenna above a ground plane. While there are numerous alternative methods for miniaturizing patch antennas, and a few alternative methods of producing magnetic properties using embedded circuits (ECs) [5] , [6] the purpose of this study is to experimentally validate our EC metamaterial models and show that for a single substrate, the miniaturization factor can be tuned by selection of the operating frequency. The patch antenna application calls for low-loss operation with a specifiable relative magnetic permeability at frequencies where low-loss magnetically permeable materials do not already exist. For low-loss applications in the microwave region, natural material choices are limited to nonmagnetic dielectrics. Unfortunately, for magnetic materials, the upper frequency end of the magnetic region for high-quality ferrites, limited by the gyromagnetic resonances, occurs in the VHF-UHF range, which is too low a frequency for microwave applications. Fig. 1 shows the relative permeability and magnetic loss tangent of -phase Cobalt HexaFerrite developed by the TransTech Corporation, Adamstown, MD. This -phase Cobalt HexaFerrite is representative of the current upper frequency limit for low-loss magnetic permeability from natural materials. The admittedly subjective maximum "useful" frequency for this material is approximately 500 MHz. To our knowledge, there is no material currently available with moderately low loss and moderately enhanced permeability for operation in the microwave region. An engineered material such as our metamaterial, which can fit this need, would be quite useful. 
B. Benefits of Magnetic Materials
The permittivity of a composite dielectric can be selectively engineered by the mixing of low and high dielectric materials to provide low-loss and high performance throughout the microwave operating region for practically any desirable permittivity. For example, alumina Al O has a dielectric constant of approximately ( at 10 GHz) and can be mixed in controlled ratios with lower dielectric buffer materials to achieve any desirable dielectric constant from -while maintaining an acceptable low-loss factor. Similar, but more challenging to process is titania TiO , which has a very low dielectric-loss tangent ( at 10 GHz) and a dielectric constant of close to , which opens up the entire possible range of dielectric values [7] . In contrast to the wide variety of low-loss dielectrics available, the permeability of low-loss natural materials and their various composites are effectively limited to that of free space in the microwave region.
Currently for microwave applications, dielectric materials are chosen to achieve the desired electromagnetic (EM) phenomenon of the application goals. High dielectric-constant materials are used to achieve EM scaling, field confinement, and other useful benefits. Limiting extremely high dielectrics from many desirable applications is the dramatic mismatch in wave impedance for the material relative to feed networks and free space.
If permeability can be increased from that of free space, the product of and increases quickly with relative permeability, providing miniaturization and EM scaling . In the geometry of the patch antenna, the majority energy storage mechanism is capacitive in the electric field. By increasing the amount of magnetic energy storage, the magnetic-electric imbalance is reduced and the system bandwidth automatically improves [3] . Since the patch antenna is so strongly capacitive, a condition would be preferred in terms of balancing energy storage mechanisms. In terms of minimizing the free energy trapped within the substrate, a condition would be preferred. As relative permeability increases to match relative permittivity, the intrinsic impedance of the medium approaches that of free space . It is the difference in intrinsic impedances and that determines the reflection coefficients at the interface, and we can benefit from being able to control this factor independently of . The benefit to minimizing the energy loss due to the reflection at this interface is obvious and further anticipated benefits are improvements in matching and bandwidth as a result of increasing the proportion of magnetic energy storage. Benefits in improved input matching for miniaturized devices and elimination of trapped surface waves can offer significant potential benefits for microstrip antennas if losses are minimal.
As we will show, the metamaterial presented provides a permeability that varies from -over a reasonable operating band. This property allows the designer to make an efficiency/miniaturization tradeoff with a single substrate material. For a specified efficiency level, the maximum miniaturization factor may be selected, thereby enabling various antennas to operate on the same physical metamaterial substrate while each experiences a different miniaturization factor and efficiency.
1) Natural Magnetic Materials:
The bulk permeability of a material is a quantitative description of how readily the material experiences magnetization, wherein the materials charges align their movement with an externally applied magnetic field.
A circulating charge produces a magnetic moment, and the magnetic moments of atoms are the building blocks of natural magnetics. The macroscopic magnetic properties of materials are the consequence of magnetic moments associated with individual electrons. The classes of observed magnets include diamagnetism, paramagnetism, and ferromagnetism. In addition, antiferromagnetism and ferrimagnetism are considered to be subclasses of ferromagnetism. Diamagnetism and paramagnetism exhibit very weak magnetic properties and are not adequate for normal EM applications. Ferromagnetism is exhibited in some metallic materials such as iron, cobalt, or nickel when magnetic moments due to uncanceled electron spins of adjacent atoms interact to align with one another and produce magnetic susceptibilities as high as 10 . This strong magnetization is of limited use for magneto-dielectrics due to the high conductivity and loss of the metals necessary to produce it. Antiferromagnetism occurs when the coupling interaction between adjacent atoms result in antiparallel alignment. These magnetic moments cancel one another, and there is no net magnetic moment.
Finally, and most promisingly is ferrimagnetism-a magnetism exhibited by some ceramics as a result of their complex crystal structure. In such ceramics, there are parallel and antiparallel coupling interactions between the ions, similar to in antiferromagnetism; however, the net ferrimagnetic moment arises from the incomplete cancellation of spin magnetic moments. [8] In the presence of a magnetic field, the magnetic moments of a ferrimagnetic material tend to become aligned with the applied field and to reinforce it by virtue of their own magnetic fields. Fig. 1 shows the complex magnetic permeability of a -phase Cobalt HexaFerrite ceramic as a function of frequency.
The challenge to microwave applications arises from the inertia of atomic systems. Although the mass of an electron is small, it is not zero, and the attempts of the electrons dipole moments to track an externally applied magnetic field deteriorate and eventually fail altogether for inertial reasons as the excitation field approaches and passes materials gyromagnetic resonance frequency. As gyromagnetic resonance is approached, the materials loss factor increases dramatically, as exhibited in Fig. 1 , and above resonance, the material becomes essentially nonmagnetic. Unfortunately for microwave engineers, it appears that magneto-dielectrics produced from natural materials exhibit gyromagnetic resonance in the VHF-UHF region and are unusable for low-loss microwave applications.
If a mechanism similar to natural magnetics can be developed for microwave operation by synthetic means, low-loss operation may be pushed into the microwave region and low-loss microwave magneto-dielectrics may become a reality. Already various researchers have proven that it is possible to replicate magnetic behavior by inserting electromagnetically small metallic inclusions into a natural dielectric. [1] - [4] , [6] . The "omega" medium exhibits enhancement of both the magnetic and dielectric properties over the host material in certain frequency regions determined by the circuit resonances.
This paper shows the development and experimental analysis of a magneto-dielectric metamaterial in actual application for a miniaturized patch antenna whose miniaturization factor is a function of frequency.
C. EC Metamaterials
In 1968, Veselago [9] theoretically investigated the physics of materials with negative permeabilities and permittivities. When either permeability or permittivity is negative, EM waves cannot propagate in the medium. This nonpropagating phenomenon has been dubbed "bandgap" operation. Interestingly, as shown by Veselago, when both permeability and permittivity are negative, EM wave propagation is possible. Today such materials are most often referred to as "left-handed" materials due to the left-handed Poynting vector triplet that their electric, magnetic, and propagation vectors form.
Recent experimental work builds upon the theoretical development for left-handed materials provided by Veselago and is perhaps the most popular area of research for EC metamaterials [10] - [15] .
In contrast to research on negative permeability and permittivity materials, the purpose of this paper is to achieve enhanced positive magnetic permeability and electric permittivity for lowloss microwave applications.
The concepts of using ECs to enhance dielectric properties or achieve magnetic properties in an otherwise nonmagnetic medium are not new, but we believe have not received adequate attention when the significance of the potential benefits are considered. In one relevant example, Saadoun and Engheta investigated a theoretical material they called the "omega" medium in the mid 1990s [5] . Their "omega" medium is composed of a host material with small inclusions shaped like the Greek letter (see Fig. 2 ). Their theoretical analysis of EM wave interaction Fig. 3 . Metamaterial unit cell. 1 , 1 , and 1 is the unit cell size. In this diagram, N = 2 is the number of wraps of the spiral. To achieve permeability enhancement, the magnetic field shall be aligned along the Y -axis (normal to the page) and the electric field shall align along either the X-or Z-axis.
with the circuit model for such a medium showed both an effective permittivity and an effective permeability, thus establishing both dielectric and magnetic enhancement. Recently, geometries optimized to provide superior magnetic properties have been considered theoretically [1] , [6] , but to our knowledge, none have been proven useful in practical experimental application.
Our circuit geometry is engineered to control energy coupling and storage. The benefit of this control is that, within the limits of the processing technology, the effective permittivity and, most importantly, effective permeability of the medium, can be tailored to the demands of the application.
II. EFFECTIVE MEDIUM OPERATION
The storage of energy in magnetic fields is the definitive characteristic of a magnetically permeable material. When magnetic energy storage is achieved by means other than atomic electron orbital or spin phenomenon, an engineered effective bulk permeability is observed. The basic circuit unit for magnetic energy storage is the inductor, and an electromagnetically small inductor embedded into a dielectric material will store coupled magnetic energy in a manner similar to the means by which magnetic energy is stored in the electron orbital or spin motion of materials exhibiting natural magnetic permeability. This EC magnetic energy storage imparts an effective bulk permeability to the material. Fig. 3 shows a single element of an EC capable of producing magnetic properties in a natural dielectric. The spiral loop acts as an inductor, coupling energy from an incident magnetic field to produce a current loop in the spiral. There is a distributed capacitance between the loops of the spiral, and the interaction between the spiral inductance and spiral capacitance causes the resonant behavior. Near resonance, the current magnitude in the spiral loop increases and the magnetic permeability is enhanced.
To achieve an effective medium behavior, the ECs must be distributed uniformly through the host dielectric. Planar microstrip processing is employed to form a two-dimensional array of the resonant spirals (see Fig. 4 ) and the resulting substrate-metallization layers are stacked to form a three-dimensional (3-D) effective medium. This method of assembly allows for the critical control of geometrically determined circuit parameters and thereby selection of resonant frequency and coupling factors.
A. Equivalent-Circuit Model
Our effective medium employs passive ECs embedded in a dielectric medium for which we have developed the theoretical analytical models predicting material performance [1] - [4] . Previous researchers have developed means of achieving magnetism from passive ECs conductors [5] , [6] and this study builds upon the existing state-of-the-art. One of our previous designs consisted of a single square spiral with an interdigitated capacitor providing lumped-element capacitance-like performance and is shown in Fig. 5 beside other magnetic EC resonators [4] .
One drawback of this square LC resonator is its nonoptimal use of unit cell area. A good design for optimal magnetic permeability would "enclose" as much of the unit-cell area as possible to achieve the highest coupling of incident magnetic energy while maximizing packing density. A square inductive loop seems to be a reasonable candidate and was the choice of our previous design. An interdigitated capacitor seemed like a reasonable choice to provide the capacitance with which the inductive loop would resonate, but we have since concluded that this is a nonoptimal use of the unit-cell area inasmuch as that the interdigitation consumes too much valuable space inside the inductive loop and thereby inhibits optimal coupling to the incident magnetic field. We have since concluded that a spiral loop is preferable inasmuch as it uses less area to provide equivalent capacitance while simultaneously providing additional inductance and, hence, additional permeability.
These ECs (Fig. 3 ) couple incident magnetic energy to their inductive elements and store the energy in an LC resonator.
The basic design equations for the spiral loop circuit would be helpful in understanding the operation of the metamaterial. Useful design equations would need to provide approximate lumped-element values for the distributed capacitance and inductance of a flat spiral inductor.
Although a theoretically rigorous analysis of the EC metamaterial is not available, a simple preliminary model is available, which provides an intuitive understanding of the EC metamaterial behavior. For quantitatively precision, numerical simulation is best employed as the second step in metamaterial design.
Toward the end of maximum physical understanding with only moderate analytic complexity, the spiral loop of Fig. 3 may be most simply modeled as an LC resonator, as shown in Fig. 6 . This simple resonator interacts with its host medium in a manner similar to the well studies behavior of a plasma near its resonance and, hence, the composite transmission-line equivalent model for the resonator is very similar to that for a plasma. Incorporating the spiral loop loss mechanisms , the equivalent-circuit model for the composite medium is given in Fig. 7 . Fig. 7 can best be interpreted as a classic transmission-line model for a medium with an embedded LC resonator inductively and capacitively coupled to it.
For the derivation of the circuit models and (1)- (12), the interested reader is directed to [2] . What follows here is a significantly expanded explanation and discussion of the design and validation process employing these methods for a more practical planar EC geometry.
1) Capacitance:
To model the equivalent lumped-element capacitance ( in Fig. 6 ) of the spiral loop (Fig. 3) , the primary capacitive effect to be considered is the capacitance between adjacent wraps of the spiral inductor. Additional smaller capacitances will result from the interaction between nonadjacent wraps, but only considering the adjacent wraps should give a preliminary understanding of the physics involved. These additional capacitances will be especially significant in cases where loops have greater than two wraps of the spiral arm. In this case, the nearest capacitive effect not included in the model is only twice the distance of the included elements.
The distributed capacitance of the spiral inductor embedded in the host dielectric can be determined by considering the geometry of the "capacitive spiral" indicated in Fig. 3 by a dotted line, which traces the path between the metallic spiral arms. The value of capacitance can be computed from (1) where is the length of the spiral gap given by (2) and the gap fraction is given by (3) as follows:
The basic form of the capacitive (1) is the capacitance per unit length of coplanar thin metallic strips multiplied by the length of the strips and the dielectric constant of the host medium. An elliptical integral (4) exists for determining the capacitance per unit length. In (1)-(3) , the metallization thickness is assumed to be zero, where is the permittivity of free space, the width of the trace metallization is indicated by , and the inter-trace gap spacing is denoted by (see Fig. 8 ).
Equation (2) is an analytic formula for the length of the spiral gap. If is the number of turns of the metallic spiral arm, then is the number of turns of the capacitive spiral gap. This formula is correct for integer or half-integer values of , and integer/4 values if . For other values of , the analytic formula provides a reasonable estimate to first order. For our 250-MHz design, mm, mm, and mm. For a Rogers RO-4003 dielectric host medium, and pF. Although this estimate of capacitance is acceptable, it does neglect additional capacitances between spiral elements in adjacent different metamaterial unit cells and corner and gap-end effects, as well as capacitance between nonadjacent wraps, nor does it account for the air gap between stacked layers (see Fig. 9 ). For these reasons, the capacitance predicted by (1) will be at best a rough approximation of the actual capacitance. Nevertheless, (1) provides useful insights into the behavior of the EC and is a useful starting point for design, and thus, is worthy of consideration.
2) Inductance: The planar elements in Fig. 4 are stacked along the -dimension with a spacing of . This geometry effectively forms a solenoid along the -axis of spiral loop elements and, due to the long-solenoid structure, a uniform field distribution can be assumed. This observation provides the starting-point for modeling the spiral inductance. With this estimate in mind, for low values of spiral turns , the inductance of a single spiral loop can be derived from (5) where is the cross-sectional area of the spiral as follows:
For our geometry, mm, , and m . The inductance of a single spiral loop element provided by (5) is just slightly higher than the real value due to imperfect "fill-ratio." Basically, (5) assumes perfect magnetic linkage between all concentric loops of the spiral. Choosing an average area for the spiral (such as the area enclosed by the dashed line in Fig. 3) should account for the discrepancy. As in the capacitive calculation, the simplifying approximations of this calculation limits its accuracy. In addition to the imperfect magnetic linkage mentioned, a significant deviation from ideality occurs in that the current on each spiral element is forced to go to zero at its ends, a condition that does not exist in ideal solenoidal wrapped wires represented by (5) . Nevertheless, it is illustrative to consider the inductance for our geometry, which is H. 
3) Resonance:
Once the distributed capacitance and inductance of the spiral loop are known from the above methods, the resonance frequency of the EC can be estimated from (6) The estimate of resonance frequency from (6) is generally low. This estimation is partially due to estimation error of capacitance and inductance, but is also caused by the distributed nature of capacitance and inductance being poorly modeled by lumped elements. Equation (6) treats the capacitance and inductance as lumped values (as in Fig. 6 ), whereas they are actually distributed. For our case, (6) predicts a resonance frequency of 106 MHz, a dramatic underestimate of the realized values. At significantly increased complexity, the lumped values and may be distributed in a geometry more closely representing the actual spiral geometry (Fig. 10) . This more accurately represents the interaction between the distributed capacitance and inductance, predicting a much higher resonance frequency of 183 MHz, but it is still too low relative to the actual spiral resonance and is not satisfactory for design purposes.
To more accurately model the medium, a finite-element solver such as the commercially available HFSS is helpful. Perfect electrically conducting (PEC) walls and perfectly magnetically conducting (PMC) boundary conditions around a single element unit can be employed to enforce symmetry conditions, which would exist in an infinite -plane of ECs under plane-wave illumination at normal incidence, as shown in Fig. 11 .
The resonant frequency derived by this numerical simulation method will be quite accurate, although experimental errors will remain. For example, small air gaps between layers stacked in the -dimension may slightly decrease capacitance for physically realized materials and increase resonance frequency by 10% or 20% if not accounted for in the numerical simulations.
4) Effective Medium:
In order to form an effective medium as represented by this model, a planar array of the unit cell of Analytic formulations for the effective bulk permittivity and permeability of such EC metamaterials exist that correlate to the geometry of Fig. 7 [1] . The permeability and permittivity of such a medium are given in Fig. 12 .
5) Permeability: Equation (7) gives the form of the anisotropic magnetic permeability. The effective-medium design provides permeability enhancement only along the solenoidal axis, which is parallel to the -axis. Any incident magnetic field of -or -orientation will not couple to the inductive loops of Fig. 4 and the permeability experienced by these components will be that of free space.
For a -oriented time-harmonic magnetic field, incident magnetic energy induces currents in the circuit loop coupling energy into the resonators and changing the relative permeability of the medium. The current loop induced generates its own magnetic field, storing magnetic energy and thereby changing the magnetic susceptibility
Effective permeability is given by (8) and is a function of the resonant frequency of the spiral inductors , the frequency of the incident field , the resonator quality factor , and the coupling coefficient of -directed magnetic energy . Fig. 12 shows a typical response of to frequency variation. Operating values of -can be achieved with moderately low-loss performance.
The coupling coefficient and most other metamaterial properties are a function of the circuit geometry shown in Fig. 3 as follows:
The resonator in (10) is a function of the conductor conductivity . Care should be taken to observe the condition that conductor thickness , where is the metallization skin depth at the frequency of operation. 6) Permittivity: Consider an -directed electric field. Along the majority of the -dimension, the electric field is shorted by the metallization of EC loop parallel to the incident -field. In the gap region between the unit cells, the -directed metallizations form inter-cell capacitors for the incident -directed electric field. This capacitance is what stores electrical energy and provides for the -directed permittivity of (11) . The same phenomenon is observed in the -dimension, but electric-field components oriented along the -dimension will experience the permittivity of the host dielectric only and . The corresponding permittivity tensor is given by (12) as follows: (11) (12) Unlike the permeability, the effective permittivity of the medium is not frequency dependent in the microwave region. The permittivity in (11) is a function of the inter-cell capacitance, which is calculated by means of the same elliptical integral that was used to find the spiral capacitance (4). It should be noted that this simplification ignore the effects of metallization thickness and inter-cell capacitance due to the inner loops of the spirals and as such will underestimate the true capacitance and, hence, underestimate . Here, again, we seek physical intuition rather than computational precision.
This analysis assumes a medium where the circuits are embedded in a "simple" dielectric with . As this analysis has indicated, the metamaterial substrate will exhibit a highly anisotropic behavior. Permeability enhancement will be achieved for -directed magnetic fields only. Permittivity enhancement will occur only for -or -directed electric fields. This combination of orientation-dependent permeability and permittivity is exactly the orientations needed to support the modes of a microstrip patch antenna. Fig. 13 demonstrates the proper orientation for a patch antenna operating in the regular mode to experience both and . In the area under the patch, the image reflections from the metallic antenna and ground plane appear to form an infinite medium in the -dimension, allowing the effective medium analysis above to approximately apply despite the finite geometries.
III. METAMATERIAL DESIGN AND FABRICATION
The metamaterial substrate was designed with a cell size of cm, mm (120 mil). The substrate was fabricated on 120-mil-thick Rogers RO-4003 dielectric. The spiral resonators were etched from 0.5-oz thick copper (0.017 mm) with a linewidth ( ) and spacing ( ) of 0.127 mm (5 mil (6) is, therefore, 106 MHz, but for the reasons previously described, this is an unreliable number and numerical simulation is used to identify the actual resonance frequency, which is 250 MHz.
To investigate the potential range of metamaterial operations, numeric simulations have been performed of the basic metamaterial unit cell (Fig. 3) under various conditions. With industry standard copper etching standards of 5-mil trace/5-mil spacing, on low-loss dielectrics it was possible to achieve metamaterial resonances at frequencies as low as 10 MHz and as high 10 GHz. Physical measurements of metamaterial resonators with 2.5-GHz resonances were also performed [4] . It seems likely that these materials can prove useful over a wide range of frequencies of operation.
To reduce substrate mass, 33/64-in-diameter air holes were drilled along the -axis into the center of each spiral resonator cell. The final substrate mass is reduced by a factor of approximately 1/3, which is significant for a 2-cm-thick substrate. Fig. 14 shows a typical strip from which the final substrate was assembled. To determine the effects of these air holes, a numerical analysis of Fig. 11 with and without air holes was performed in HFSS. It was found that the inclusion of these air holes reduced the effective permittivity of the medium along the -and -axis by only 5%. These drill holes do not strongly influence the substrate EM properties because the majority of electric-field energy storage occurs in the "gap" region between cells and the magnetic-field storage is unaffected by air gaps.
The final substrate was formed by stacking -planar strips in the -dimension to form the final substrate in the geometry of Fig. 13 . The final substrate was 24 cells in the -dimension by 75 cells in the -dimension and one cell in the -dimension. The resulting total substrate was 24 cm 24 cm 2 cm and had a weight of approximately 3.5 lb.
IV. RESULTS
A. Metamaterial Performance
With an assembled substrate, the transmission through the medium was measured by electrically small linear probes and a network analyzer, as shown in Fig. 15 . Theory predicts such a medium to exhibit a nonpropagating condition at resonance. This was observed as a strong drop in measured transmission through the substrate medium at 285 MHz. By this means, the EC metamaterial resonance frequency was identified to be 285 MHz. The substrate was originally designed by numerical simulation for a resonance frequency of 250 MHz, and this discrepancy (14%) can be explained by considering the effect of changes in spiral capacitance due to unmeasurable, but unavoidable air-gaps caused by imperfect stacking of substrate layers (Fig. 9) . To investigate the effects of such air gaps, numerical simulation was performed to consider the effects of a 0.05-mm air gap on our design. Simulations indicate that such a condition would increase the metamaterial resonance frequency of our design by 15%, and this seems to validate the hypothesis that these air gaps are the majority cause of deviation in resonant frequency between measurement and the numerical simulation of the original design. and for this design are predicted in Fig. 12 . Equations (11) and (8) predict that, at 250 MHz, , , and . To better characterize the medium, an independent measurement of is also desirable. The analysis of the effective medium assumes an infinite periodic array of EC elements, but obviously this is not the actual case for a metamaterial substrate. However, this approximation is valid in the area under the antenna patch due to the images from the patch and ground metallizations. In accordance with classical image theory, the region between two parallel metallic conductors such as the patch and its ground plane can be analyzed as equivalent to an infinite array whose period is the distance between the metallic plates. Therefore, our infinite medium analysis will approximately apply to our application case of a patch over a ground plane. To measure the achieved permeability, a test structure similar to the patch antenna geometry is required. The frequency independent form for permittivity given in (11) indicates that a low-frequency measurement of a parallel-plate metamaterial capacitor would give a reasonable estimate of the high-frequency permittivity in the patch-antenna design if the host dielectric itself is nondispersive.
To accomplish this, a large parallel-plate capacitor was constructed on the metamaterial substrate and measured at 2 MHz with an Agilent E4991A impedance analyzer. The host dielectric itself (Rogers-RO4003) possesses a permittivity of only at 2.5 GHz, whereas the parallel-plate capacitor fabricated from the EC metamaterial substrate exhibited an effective permittivity of . This clearly shows permittivity enhancement at a level even slightly higher than was predicted. This deviation from theory (11) may be due to fringing fields coupling into the under hanging and adjacent loops, or variances in the distances between the spiral edge and the ground-plane or patch metallization. This distance, which is on the order of 2 mm, may vary in experimentation by as much as 1 mm.
B. Antenna Performance
Consideration of the field orientations of a patch antenna is beneficial at this time. Fig. 16 shows the basic geometry of our patch antenna, where the resonant length is indicated by dimension . A cross section taken along the -plane in the middle of the patch antenna shows the field orientations of the dominant in the substrate in Fig. 17 . The electric fields are oriented along the vertical -axis and the magnetic fields are oriented along the -axis. These orientations correspond to the directions of electric permittivity and magnetic permeability enhancement, as established previously. If the patch is oriented, as shown in Fig. 16 , the magnetic properties of this metamaterial will be observed, but a patch rotated one-quarter turn over the substrate with the resonant length along the -axis will experience only dielectric enhancement.
A probe-fed microstrip patch antenna resonant at 250 MHz was built on the metamaterial substrate. To resonate at 250 MHz, the patch dimensions were found to be 9.3 9.3 cm. The final substrate plus patch antenna assembly is shown in Fig. 16 while the measured antenna gain pattern is shown in Figs. 18 and 19 shows the antenna return loss.
As mentioned earlier, this metamaterial substrate can be used to design patch elements with different miniaturization factors since is a function of frequency. For a material employing simple dielectrics, the relationship between operating frequency and physical geometry is fixed to a single miniaturization factor. By decreasing the physical dimensions by a factor of 2, the operating frequency increases by a factor of 2 and the miniaturization ratio remains constant. In contrast, for this metamaterial, it is possible for a 50% decrease in physical geometries to necessitate only a 20% increase in operating frequency. Therefore, with this metamaterial, the miniaturization factor is a function of operating frequency.
The antenna performance parameters, such as the miniaturization and efficiency factors of several patch antennas over the metamaterial substrate operating at different frequencies, are given in Tables I and II. A patch antenna in free space will resonate with a length of approximately and, for our purposes, the miniaturization factor is defined as the fraction of this size for which the patch resonates. For example, a miniaturization factor of 5 would indicate that the resonant length of the patch is . Our procedure for measuring efficiency was by application of the relationship between gain and directivity. The maximum value of the gain is related to the maximum value of the directivity by [19] (13)
The maximum gain of the antenna under test was measured experimentally by comparison to an antenna of known gain. To determine directivity, pattern measurements were taken along the primary -and -plane cuts. Since this is a low-directivity antenna, these measurements were sufficient to approximate the total antenna pattern, and directivity was calculated from the classic formula [19] (14) is the directional radiation intensity there and is the radiation intensity in the direction of maximum radiation. Cross-polarization was also measured, but found to be low enough for these antennas that polarization efficiency was negligible to within the accuracy of the other estimates in this calculation.
To provide comparison, the antenna probe feed position and geometry were also adjusted to provide a resonant dimension along the -axis rather than the used previously -axis (see Fig. 13 ). In this orientation, there should be no effective permeability experienced by the antenna, but permittivity should remain enhanced. That is , but is given by (11) . As shown in Table II , the antialigned 250-MHz case exhibits a miniaturization of just greater than three, which is predicted by the theoretical and measured permittivity enhancement alone with no permeability enhancement. In this patch orientation, the magnetic enhancement of the material does not provide for miniaturization and, as a result, the patch is comparable to the size of the ground plane. This nearly parallel-plate capacitor structure suffers from somewhat stronger edge effects and, therefore, should exhibit lower efficiency. That the nonmagnetic orientation of operation yields significant losses indicates that the losses observed in the permeability-enhanced orientation are not entirely caused by the magnetic loss tangent itself. The ohmic losses of the patch, ground plane, and dielectric loss tangent of the substrate are also contributing to the high losses.
The orientation, frequency dependence, and observed miniaturization factor values reinforces validation of our EC spiral loop resonator model. Fig. 19 shows the insertion loss of the 9.3 9.3 cm patch antenna around 250 MHz. This figure indicates a more difficult input matching condition than the bulk material properties , would imply. This is due to the material bulk properties not being as well representative of the very near-field properties around the probe feed. The probe feed does not induce a simple field geometry to interact ideally with the metamaterial anisotropies the way that the patch itself does. Even so, this is an acceptable feed condition to demonstrate the properties of metamaterial substrates.
The observed efficiencies in this experiment are lower than would be predicted by (8) . This is at least partially due to the overly simplifying assumption of (10). The 0.5-oz copper S/m used as our metallization has a skin depth of 10.5 m at 250 MHz. Since 0.5-oz copper is only 17 m in thickness, (10) predicts a higher performance than is realizable with this metallization. Numerical simulation indicated that a thicker metallization 70 m (2 oz) will improve the magnetic loss tangent by a factor of almost 2, and this should improve antenna efficiency levels. An additional source of loss is the dielectric loss tangent of the host dielectric material. Numerical simulation indicates that decreasing the host material dielectric lost tangent will significantly improve the efficiency of the effective medium, but not as strongly as improvements to the metallization would.
To estimate the impact of changes in material loss tangent on antenna efficiency, an anisotropic substrate was modeled according to (7) and (12) . With a copper patch and ground plane 35-m thick on a 2-cm-thick substrate ( , , , and ), numerical analysis of a 250-MHz patch was performed using HFSS software (Fig. 20) .
V. CONCLUSION
A naturally nonmagnetic dielectric was imbued with magnetic properties and permeability by means of embedded resonant circuits. This metamaterial substrate possesses enhanced positive values of permeability with reasonable loss levels. A microstrip patch antenna was developed and tested to demonstrate the potential application of these EC magnetic metamaterial substrates. Miniaturization factors on the order of 4-7 and moderate efficiencies of 20%-30% were observed, validating that various miniaturization factors may be selected in a miniaturization/efficiency optimization using a single material. Higher efficiencies should be achievable with judicious metallization choice. This experiment indicates the validity of the EC resonator metamaterial analytical model. It is predicted that a wide range of applications will benefit from moderate or lowloss magnetic metamaterials in the microwave region and that some applications will benefit from tunable miniaturization. EC metamaterials like those described here have been fabricated for applications of up to 2.5 GHz. Simulations indicate that with commercially available low-dielectric materials and standard 5-mil commercially available processing technology, magnetic metamaterials produced by this technique can be designed with an operating frequency of up to 10 GHz with permeability in the -range for moderately low-loss applications.
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